Tyrosine kinase inhibitors have revolutionized the treatment of chronic myeloid leukemia and are increasingly used for other indications. Fluid retention, however, including pleural effusions, are a significant side effect of imatinib, the first-line treatment for chronic myeloid leukemia. We investigated pleural and pulmonary complications in patients treated with dasatinib, a novel multitargeted tyrosine kinase inhibitor, as part of clinical trial protocols. Of 40 patients who received dasatinib (70 mg twice daily) for imatinib resistance or intolerance, 9 (22.5%) developed dyspnea, cough, and chest pain. Of these nine patients, six had pleural effusions (all were exudates) and seven had lung parenchyma changes with either ground-glass or alveolar opacities and septal thickening (four patients had both pleural effusions and lung parenchyma changes). Lymphocytic accumulations were detected in pleural and bronchoalveolar lavage fluids in all patients except for one who presented with neutrophilic alveolitis. Pleural biopsies revealed lymphocytic infiltration in one patient and myeloid infiltration in another. After dasatinib interruption, lung manifestations resolved in all cases and did not recur in three of four patients when dasatinib was reintroduced at a lower dose (40 mg twice daily). Thus, lung physicians should be aware that lung manifestations, presumably related to an immune-mediated mechanism rather than fluid retention, may occur with dasatinib treatment.
Tyrosine kinase inhibitors have revolutionized the treatment of chronic myeloid leukemia (CML) and are also increasingly used for other indications. Imatinib, which currently constitutes the first-line treatment for CML, is frequently associated with fluid retention, including pleural effusions. Dasatinib (Sprycel, formerly BMS-354825; Bristol-Myers Squibb, New York, NY) is a novel tyrosine kinase inhibitor of BCR-ABL (breakpoint cluster region-Abelson), SRC (v-src sarcoma viral oncogene homolog)-family kinases (including SRC, LCK [lymphocyte specific protein tyrosine kinase], LYN [v-yes yamaguchi viral related oncogene homolog], and YES [Yamaguchi Sarcoma viral oncogene homolog 1]), PDGFR (platelet-derived growth factor receptor)-b, and c-KIT (proto-oncogene protein tyrosine kinase kit) (1, 2) . Recently, dasatinib was shown to induce hematologic, cytogenetic, and molecular responses in patients with CML or Philadelphia chromosome-positive acute lymphoblastic leukemia who are resistant or intolerant to other tyrosine kinase inhibitors, such as imatinib or nilotinib (3) (4) (5) (6) (7) (8) . Although dasatinib is generally well tolerated, dasatinib-associated pleural effusions and dyspnea have been noted in clinical trials and are usually managed as a manifestation of fluid retention. However, a detailed description of these adverse events has not been published. Here, we describe 9 of 40 patients who developed dasatinib-associated lung abnormalities at our institution, show that these probably resulted from an immune-mediated mechanism rather than fluid retention, and report their management and outcome. Some of the results in this study have been previously presented in the form of an abstract (9) .
METHODS
Between January 2005 and March 2006, 40 patients with chronic-phase CML received dasatinib after primary or secondary imatinib resistance (n 5 29) or imatinib intolerance (n 5 11) at Hô pital Saint-Louis in Paris, France (protocols CA180013, CA180017, CA180034). Twentyseven patients received dasatinib 140 mg/day (3 received 140 mg daily, 24 received 70 mg twice daily) and 13 received dasatinib 100 mg/day (6 received 100 mg daily, 7 received 50 mg twice daily).
Chest X-rays and high-resolution computed tomography (HRCT) were performed in all patients who developed respiratory symptoms. Pleural fluids, obtained by thoracocentesis, were examined for total and differential cell counts, protein, and lactate dehydrogenase values. Surgical pleural biopsies were performed in two patients using video thoracoscopy, and one patient underwent a blind pleural biopsy. In patients with lung parenchyma abnormalities, bronchoscopy was performed and bronchoalveolar lavage (BAL) fluids were examined for cellular content. One patient underwent transbronchial biopsies. Pleural effusion and BAL fluids were extensively tested for infectious agents.
To investigate possible pulmonary emboli, pulmonary computed tomography (CT) angiography, ventilation-perfusion lung scans, and venous ultrasonography were performed. To evaluate left ventricular function, echocardiography, scintigraphy, cardiac CT, and blood Nterminal pro-brain natriuretic peptide (NT pro-BNP) measurements were performed.
Median time between dasatinib treatment initiation and respiratory symptoms was 229 days (range, 20-510 d). Eight patients received dasatinib 70 mg twice daily throughout the treatment period, whereas patient 9 received 50 mg twice daily for 7 months followed by 70 mg twice daily for 4 months. Three of the nine patients had received dasatinib after imatinib intolerance, which was lung related in two cases (constrictive bronchiolitis in patient 2, which had partially resolved before dasatinib therapy, and hypersensitivity pneumonitis in patient 4, which had fully resolved). Six of the nine patients received dasatinib after primary or secondary imatinib resistance.
Chest X-rays and HRCT revealed moderate pleural effusions in six patients (two bilateral, four unilateral) and parenchymal changes in seven patients (including four with effusions) ( Figure 1 and Table 2 ). No patient experienced peripheral edema after dasatinib treatment. When lung abnormalities were first detected, all nine patients were in complete hematologic remission, including three patients with a complete cytogenetic response.
Investigations
In the nine patients with lung abnormalities, mean white blood count was 9.1 3 10 9 /L (range, 2.5-23.1 3 10 9 /L), mean hemoglobin was 11.3 g/dl (range, 8.6-13.1 g/dl), mean platelet count was 226 3 10 9 /L (range, 47-895 3 10 9 /L), and peripheral oxygen saturations were greater than 95%.
Protein content analysis revealed pleural effusion fluids to be blood-free exudates in all six cases. Fluid cytologic analyses identified lymphocytes in five patients (61 6 33%) and neutrophils in the sixth, with no pathogens detected. Surgical pleural biopsies revealed a marked pleural lymphocytic or myeloid infiltration in separate patients (Table 2) .
BAL fluid analysis, performed in five patients, revealed a median cell count of 714 6 694 3 10 3 cells/ml, with an increased lymphocyte percentage in four patients (53.5 6 31.8%), an increased neutrophil percentage (36%) in one patient, and no eosinophils. Hemosiderin-laden macrophages (20-95%) were detected in all but one case (patient 2). All BAL specimens were pathogen negative, except for bronchial colonization by Klebsiella oxytoca in patient 7.
Tests were performed to rule out pulmonary embolism or abnormal left ventricular function. No abnormalities were detected.
Management and Outcome
Dasatinib treatment was interrupted in eight patients, either immediately after diagnosis of lung involvement (five patients), or after a course of diuretics (three patients), which were ineffective ( Table 2) . One patient (patient 6) received corticosteroids with no dasatinib interruption. Empiric antibiotics were administered to two patients.
Dasatinib-associated lung abnormalities resolved in seven patients and partially resolved in two patients. Respiratory symptoms and extrathoracic manifestations resolved within 1 week of dasatinib interruption. Pleural effusions regressed within 1 month after treatment interruption (completely in four cases and partially in one case). In the seven patients with other lung abnormalities, HRCT returned to normal within 3 months of dasatinib interruption (five patients) or corticosteroid treatment (one patient), with one patient showing parenchymal septal thickening at last follow-up. Dasatinib was reintroduced at a lower dose (40 mg twice daily) in four patients. Two patients (patients 1 and 8) had no recurrence of lung manifestations after an additional 2 or 4 months of follow-up (Table 2) . Patient 3 remained free of respiratory symptoms throughout 6 months of low-dose treatment, although bibasilar septal thickening was detected at last the follow-up examination. Patient 9 experienced a relapse of bilateral exudative pleural effusion 5 months after dasatinib was reintroduced, which resolved with further treatment interruption.
DISCUSSION
In the present series of patients with dasatinib-related lung abnormalities, we found the following: (1) lung manifestations were frequent in the course of dasatinib treatment; (2) lung manifestations consisted not only of pleural effusions but also of lung parenchyma involvement; (3) pleural effusions were exudates and were not related to fluid retention, unlike those previously described with imatinib; (4) pleural and BAL fluid analysis showed mostly lymphocytic accumulation; and (5) lung manifestations resolved with dasatinib interruption and dasatinib could be reintroduced at a lower dose without recurrence of lung adverse events in most cases.
In our study, 6 of 40 patients (15%) treated with dasatinib for chronic-phase CML developed pleural effusions. This frequency is similar to pleural effusions reported as an unexplored adverse effect in patients with chronic-phase CML treated with dasatinib 70 mg twice daily in clinical trials after imatinib failure (4, 5) . Interestingly, all six patients reported here had received dasatinib at the highest fractionated dose (70 mg twice daily). No patient developed peripheral edema, which occurs in most patients receiving imatinib (10) . All pleural fluids analyzed were exudates, consistent with diuretic ineffectiveness in three patients. This finding, together with the high lymphocyte frequency both in pleural fluids and the pleural tissue of one patient, plus the absence of infection, suggests hypersensitivity or other immunemediated reaction to the drug, as opposed to fluid retention.
Patient 5 had a nonblastic myeloid cell infiltration detected on surgical pleural biopsy. Pleural infiltration in CML is extremely rare. Unlike occasional cases in which pleural effusions have been described in blast-crisis CML (11) (12) (13) , blast cells were not present in the pleural fluid. Extramedullary leukemic cell collections have been reported with imatinib (14) , and it should be questioned if a similar phenomenon occurred in the dasatinib-treated patient described here.
In our study, seven patients developed lung parenchyma involvement (four with concurrent pleural effusions), which has not previously been reported in clinical trials. Although this might indicate left-sided heart dysfunction for some patients, normal left ventricular function observed on both echocardiography and scintigraphy and low levels of blood NT pro-BNP argue against this hypothesis (15) . The presence of lymphocytic alveolitis on BAL fluid analysis (four patients), plus resolution by corticosteroids (one patient), the presence of autoantibodies (antinuclear/DNA; one patient), and extrathoracic manifestations (four patients) are consistent with an immune-mediated etiology. Interestingly, the only reported case of dasatinibrelated pneumonia resolved with corticosteroids (16) .
Patient 2 presented with autoantibodies and symptoms that might be associated with autoimmune disease, which disappeared after dasatinib interruption. Because dasatinib inhibits SRC-family kinases LCK and LYN, which are expressed in B and T lymphocytes and may be involved in the pathogenesis of autoimmune diseases such as systemic lupus erythematosus (17, 18) , the potential for autoimmune effects should be considered. No autoimmune effects of dasatinib were reported in clinical trials. Inhibitory effects of dasatinib on immunologic SRCfamily kinases or other signaling molecules (e.g., PDGFR-b) may contribute to lung complications.
In our case series, two of three imatinib-intolerant patients with dasatinib-related lung manifestations had previously experienced imatinib-related lung complications with a probable immune-mediated mechanism (constrictive bronchiolitis and hypersensitivity pneumonitis) (19) . It is possible that some patients may be predisposed to lung manifestations with tyrosine kinase inhibitors, or alternatively, imatinib-induced lung abnormalities may increase the likelihood of similar events with dasatinib.
Dasatinib-related lung involvement may be dose related. In our study, dasatinib was reintroduced at 40 mg twice daily, and lung symptoms did not recur in three of four patients. This suggests that dasatinib-associated lung manifestations might be controlled with lower dosing. This hypothesis is supported by results from a phase III trial, which found that in patients with chronic-phase CML and imatinib resistance or intolerance, a lower proportion of patients experienced pleural effusions with a starting dose of dasatinib 100 mg administered once daily compared with the approved 70-mg twice-daily schedule (7 vs. 16%, respectively) (20) . Of note, CML treatment responses in our study were maintained during treatment interruption.
Overall, lung physicians should be aware of the possibility of drug-related lung manifestations in patients receiving dasatinib. Our recommendations would be to stop dasatinib treatment and reintroduce the treatment with caution at a lower dose after lung manifestations have resolved. Corticosteroids may assist in management, although diuretics are likely to be ineffective because an immune-mediated mechanism is suspected. Whether similar events occur with other tyrosine kinase inhibitors in development, such as nilotinib, is under investigation.
